The principal channel of interactive communication from a computer to a person is an electronic display. The amount of information shown and the way in which it can be exhibited depend on successfully matching the capabilities of the display to the human visual system. Making this channel as wide, as fast, and as effective as possible has been the goal of electronic display development for the last fifty years. The cathode ray tube (CRT), which has been the dominant display device used in offices and homes, is the display device on which the personal computer and the graphical user interface were developed. Today, the capabilities of information technology are brought to new environments by new display technologies. Active-matrix liquid crystal displays (AMLCDs) have freed the personal computer from the desktop, projection displays bring the power of information technology into meetings, small liquid crystal displays have allowed the development of hand-held computers, and head-mounted displays are bringing wearable computer technology onto the factory and warehouse floor.
Introduction
In July 1945, at the end of the Second World War, the Director of the Office of Scientific Research and Development, Vannevar Bush, wrote an article entitled "As We May Think" for the Atlantic Monthly [1] . The article exhorted the scientific and technical communities which were ending their work on weapons to develop new technologies to "give man access to and command over the inherited knowledge of the ages." In the article Bush describes the Memex, "a device in which an individual stores all his books, records and communications." The Memex would allow its operator to link together pieces of information and to send sets of this linked information to other people. This is now widely recognized as an early description of hypertext. The information displayed by the Memex would be visible on "slanting translucent screens, on which material can be projected for convenient reading." Bush based his prognostication on the use of microfiche for data storage and envisioned that memos, letters, drawings, photographs, magazines, and newspapers would be stored in the Memex.
Today the Memex exists as the combination of the personal computer and the Internet. Over the last fifty years the development of the digital computer, magnetic storage, and communication technologies have allowed the Memex to become smaller and more powerful than Vannevar Bush had envisioned. However, all of the original goals for the Memex have not been fully met; the displays that are used on personal computers today do not allow a full page of printed text to be shown and easily read. Instead, the display shows a smaller region of the page, and the viewer can move around the page by panning and zooming. Reading a page from a newspaper in this manner on a current personal computer is tedious.
The first use of an electronic display on a digital computer was the Electronic Delay Storage Automatic Calculator, EDSAC, built by Maurice V. Wilkes at Cambridge University in May 1949 [2] . The machine utilized cathode ray tubes to display the contents of the memory of the machine (Figure 1) . Previously, early computers used mechanical dials or printers to display their results. For a significant period after this, computers operated with punched cards and printouts to communicate with users. In the 1950s the SemiAutomatic Ground Environment (SAGE) [3] computer system operated by the U.S. Air Force to provide air defense for North America utilized monochrome CRTs to display airplane flight paths (Figure 2) . The paths on the CRT screen were drawn using vector graphics. Only endpoint locations of line segments were stored and then used by the display's electronics in drawing the line segment. This approach minimized the amount of memory required. The user could select an individual flight path with a "light gun." The light gun used a photodetector to sense when an area of the display was being refreshed in order to select a flight path and to perform a variety of functions such as displaying the name and location of an aircraft on the screen. It was one of the first applications in which a large computer system allowed users to interact dynamically with the system's collected data. This represented an expanded role for electronic information systems, since a user could access the computer and interact with large databases in collaboration with many other users. Telephone lines were used to connect remote stations into the network. The displays in the SAGE system served as a medium through which collaboration could occur. This electronic interaction with information led to the time-sharing systems of the 1960s. Engineering design and commercial applications dominated the early use of these computers.
In April 1964 IBM announced the 2250 Display Unit (Figure 3) , on which much of the development of computer-aided design applications took place [3] . The IBM 2250 system used a monochrome CRT display with a working area of approximately 12 inches ϫ 12 inches and a resolution of 85 pixels per inch (ppi). Bit-mapped graphics were used. In this architecture each pixel on the display was represented by a location in the computer's memory. By changing the value in the memory locations in which the video data was stored, the image on the display could be altered. The 1024 ϫ 1024 addressable pixels, requiring one million memory locations to represent them, were refreshed at a frequency of 40 Hz. A "light pen" based on the "light gun" in the SAGE system was included. The high cost of producing such a display system in the mid1960s limited the application of the technology to highend systems.
Interactive computer systems led to the development of the CRT-based terminal, which has been extensively employed in business applications such as accounting and word processing. The IBM 2260 Display Station, announced in 1965 (Figure 4) , used a monochrome CRT to display up to 12 rows of 80 characters. A character generator was used to reduce the cost and communication bandwidth of the system. The pattern used to create each character was stored in read-only memory in the display. Character codes were sent to the display from the host computer, and the local pattern in the display memory was used to display the character. These initially text-based monochrome CRT terminals have been transformed into the personal computer, using a color CRT display. (Since user buying preference clearly favors color over monochrome displays, color displays dominate the marketplace, even though they have not achieved as low a price as monochrome displays.) The IBM 2260 systems displayed both text and graphics using a bit-mapped image of the screen in the computer memory, an arrangement similar to the method used in the 2250 Display Unit.
In the early 1970s, the Xerox Corporation set up a laboratory in Palo Alto, California, to perform research and development on the technologies that would make possible a "paperless office" [4] . By 1982, "What You See Is What You Get" (WYSIWYG) graphics on a computer was being reported by the press, the concept being that a document should appear the same on the computer screen as it would in its printed form. Intriguingly, from 1980 to 1993, even though the personal computer was revolutionizing the workplace, the consumption of paper in the United States rose from 67 million tons to 91 million tons. Although the personal computer had made possible word processing, people still preferred reading word-processed documents from paper to scrolling through a document on a computer display.
The advantage of electronic displays has been their interactivity, despite the fact that their performance has not been equivalent to that of the printed page. In applications from air traffic to inventory control, the electronic display provides a means for interaction with the underlying data. Over time, electronic displays have improved: As the total number of pixels in the display has increased, and as those pixels have been made smaller, the quality of electronic text and graphics has approached that of the printed page. But this is not expected to eliminate paper from the office; instead, better screen renditions of information increase the performance efficiency of many office automation tasks. For example, design applications can benefit from the user seeing more of the design, thus reducing the time spent looking for the region that requires modification.
Display characteristics
The key characteristics of an electronic display which are of greatest importance to the user are screen size, information content (total number of pixels), resolution (pixel size), color (degree of saturation and number of levels of luminance), brightness, contrast, dependence of the image on viewing angle, and moving picture quality.
The range of currently available electronic displays with respect to screen size and information content (in megapixels) is shown in Figure 5 for various technologies such as CRTs, liquid crystal displays, and plasma displays [5] . Also shown for comparison are photographs, print on paper, and movies (35-mm film). While electronic displays span a large range of sizes, current commercially available displays contain less than 2 megapixels of information content, while photographs, movies, and print on paper contain much more information. The information content of an electronic display is described by its format, as shown in Table 1 .
The most common desktop monitor displays today use XGA format, although SXGA monitors are growing in popularity, and monitors with UXGA are available and are used in applications such as prepress, engineering design, and other applications in which maximum information is required. Figure 5 also shows the limit of resolution of the human visual system. Since the vast majority of electronic displays lie below the limit of human ocular resolution, people can actually see and perceive the individual pixels. This is not the case with printed characters or photographs and is one of the reasons that electronic displays are not as comfortable for reading and as pleasing for images as newspapers or photographs. One of the key challenges of display technology is to reduce pixel size to below the point at which humans can perceive individual pixels; accomplishing this is a goal for the future.
Electronic displays create colored pixels by combining red, green, and blue subpixels in close proximity. The degree of saturation of each primary color is determined by the mechanism for creating the color. Thus, CRTs use different colored phosphors and liquid crystal displays use different color filters. The range of possible colors, known as the color gamut of the display, can be plotted by using the 1931 CIE (Commission Internationale de l'Eclairage) chromaticity diagram shown in Figure 6 . In this plot, the range of colors possible for a given display is represented by the area of the triangle whose corners are the red, green, and blue primary colors. The number of actual colors which can be shown is determined by the number of luminance levels (also known as gray scale) of each primary. The gray scale is determined by the electronics which drive the display. Today most new desktop monitors (CRT or LCD) are capable of an 8-bit (256-level) gray scale, resulting in more than 16 million possible colors. Most notebook computers use only 6-bit gray scale for cost reasons, although 8-bit drivers are available. A palette of 16 million colors with a large-area CIE plot for a given display is enough to satisfy most users, but further improvements in gamut and gray scale are possible.
The desirable brightness and contrast of the display depend on the ambient light level. In typical office or home lighting, a brightness of 150 -250 cd/m 2 is adequate and is achieved by most new displays. For viewing in darkened conditions (such as watching television or movies), the darkness of the black state of the display is important; emissive displays such as CRTs and plasma displays are currently superior to liquid crystal displays with respect to the darkness of the black state. The contrast ratio is the ratio of the luminance of the white state to the luminance of the black state under ambient lighting conditions. Most good displays today achieve contrast ratios of 100 or more, and in the future this will also improve.
The performance of an electronic display can vary with viewing angle. While emissive displays such as CRTs can be viewed well at all angles, common liquid crystal displays lose contrast when viewed at non-normal angles.
In many LCDs the contrast ratio falls from more than 100:1 when viewed perpendicular to the display surface to less than 10:1 when viewed at Ϯ20Њ in the vertical direction. Several new technologies have been developed for LCDs which increase their viewing angle to Ϯ70Њ in all directions, so that viewing angle is much less of a concern for electronic displays today than it was several years ago [6 -10] .
The image quality of moving pictures also varies in electronic displays. Humans perceive continuous motion if they are presented with a series of still images in rapid succession. The quality of the perceived motion depends on there being a blank or black image between each of the still images. In a movie theater this is accomplished by a shutter which blocks the light while the film is advanced to the next frame. CRTs render motion well because the phosphor emits light for only a small fraction of the frame time. Because liquid crystals have more persistence, they typically show rapidly moving images with "ghosts" or other motion artifacts. This effect can be largely eliminated by pulsing the backlight of the LCD [11] , but further work using different liquid crystals is continuing to improve video performance.
Given the above display characteristics, it is interesting to create a rough estimate of the display requirements for an electronic display to match the capabilities of the printed page. With this in mind, a simple experiment was performed using a conventional desktop scanner (Figure 7 ). Text from a printed book was scanned in at different scanning resolutions, as indicated in the figure, printed on paper at 300 dots per inch (dpi), and then magnified so that the details of the shapes of the scanned characters could be discerned. In the examples shown in Figure 7 , the capital letter N was originally 2.5 mm high and the lowercase letter S was 2.0 mm high. Scanning in at 100 dpi produces a very poor reproduction of the text. At 200 dpi jagged features are noticeable, but at 300 dpi and above the letters are rendered quite well. While this simple experiment hints that 300 dpi should be sufficient for electronic display of text, more complete analyses of the electronic display requirements have been performed by Larimer et al. [12, 13] . These analyses have indicated that by using suitable software to vary the gray levels of the pixels making up the characters, resolutions as low as 140 ppi could be used to display text with performance effectively equivalent to that of the printed page.
Laser printers generate images of letters by writing black dots on the page (Figure 8) . A 600-dpi laser printer can locate the position of a dot within 1/600 of an inch (42 m). The diameter of each of these dots is approximately 84 m. Each dot overlaps its neighbors, thereby producing a smoother edge on the lines that make up a character. Laser printers with resolutions of 1200 dpi and 2400 dpi are also available. These printers use smaller dot sizes and finer dot position control to create smoother character edges and finer details. A typical 2.3-mm-high letter printed on a 600-dpi laser printer is made up of a vertical line of overlapping dots. Since the size, shape, and gray level of dots used in laser printers are so different from those of the pixels of electronic displays, it does not make sense to directly compare printed dots per inch (dpi) with pixels per inch (ppi). The proper comparison involves an understanding of the limits of human visual acuity, as indicated in Figure 5 .
Cathode ray tubes
Cathode ray tubes (CRTs) are the most common electronic display in use in information technology. The CRT consists of an electron gun, electrostatic or magnetic fields to direct the electron beam, and a phosphor screen. When the electron beam strikes the phosphor screen, the phosphor generates light. A color display is made by using three electron guns and three different color phosphors to produce a broad range of colors. The profile of the electron beam is Gaussian, so that the dot of light on the screen is brighter in the center than at the edge. The brightness of the dot is controlled by the intensity of the electron beam. Color CRTs are typically manufactured with resolutions of approximately 100 ppi.
CRTs have been manufactured for more than fifty years. The tooling and techniques used were developed specifically for the CRT and were designed for low-cost manufacturing. Although CRT technology is considered mature, advances in performance and cost reduction continue [14] . CRTs are being manufactured with higher brightness and contrast and with flatter tube faces, taking up less overall space. Flatter tube faces have required the development of thicker faceplates and new flatter shadow masks, leading to greater tube weight for a display of a given size. Although the luminous efficiency of phosphors has been constant for some time, the contrast and brightness of the display have been improved by reducing the reflectivity of the phosphor screen; this decreases the contrast of the display, allowing the faceplate of the display to be made less light-absorbing. (The faceplate is typically made light-absorbing to reduce the reflection of ambient light from the phosphor screen.) Tube length has been decreased by increasing the deflection angle of the electron beam. This has required a reduction in the aberrations that are introduced with larger deflection angles. To accomplish this, more sophisticated electron guns have been designed and built. Over the last decade, the CRT used with PCs has progressed from the EGA to the XGA format with an overall price decrease. CRT display technology is inherently able to handle multiple display formats on a single device, since the number of scan lines is determined by the drive waveforms that are applied to the display. Thus, a CRT display capable of XGA content is capable of lower-content modes as well.
In summary, cathode ray tube technology has continued to advance. Over time, the length of the neck of the tube for a given screen size has decreased. The face of the tube has become flatter, and the price has decreased. CRTs continue to have price/performance superior to those of other display technologies.
Flat-panel displays
Alternative display technologies were not in significant use until the 1990s. In the past ten years, however, activematrix liquid crystal displays (AMLCDs) and other display technologies have seen increased application. Initially the driving force was thin, lightweight, low-power displays for mobile computing that could match the resolution and content of desktop CRTs. The decreasing price, larger screen sizes, and increased information content of AMLCD technology are increasing their acceptance in desktop applications.
In the 1980s, several manufacturers [15] applied AMLCD technology to pocket television screens. The success of such devices spurred development to increase the capability of the technology to produce displays for notebook computers. The primary obstacles to such development were the manufacturing yield and power efficiency of the display. The pocket television typically contained fewer than 100 000 transistors, with each transistor used to address a single subpixel; a VGA-content AMLCD requires almost a million transistors distributed over a much larger area. The increased area and complexity of the notebook computer displays required greater attention to many aspects of their fabrication. For example, during display fabrication, foreign material such as dust can cause defects in a display, reducing manufacturing yield and increasing cost. Such foreign material can have many sources in a factory, since it can be generated by every moving part on every tool. Close cooperation between tooling vendors and display manufacturers was required in order to improve tool reliability and reduce dust. Electrostatic discharge also poses a significant threat in the factory, since the displays are built on an insulating substrate (glass) and moving or sliding the plate can induce electric charge on it. Strategies to discover and control these problems required significant development time.
Reducing the display power required improving the aperture ratio of the display. (Aperture ratio is the ratio of the display area that transmits light to the total display area.) Early displays had aperture ratios of roughly 30 percent; today aperture ratios exceed 60 percent. By 1991 factories had come on line which could produce 10.4-in.-diagonal VGA displays. In that year, IBM announced the Thinkpad ᭨ 700C notebook computer (Figure 9) , which utilized the new AMLCD display. As the technology has progressed, the glass substrate size used in the factory and the size of the display have increased. Today a typical AMLCD factory uses a 650-mm ϫ 720-mm substrate on which six 13.3-in.-diagonal XGA displays are fabricated simultaneously. The performance goal of these notebook computer displays was to match the capabilities of the CRTs used for personal computers. They are designed with the same pixel content and resolution used in desktop displays. A recent trend is the application of AMLCDs to large desktop monitors. This initially occurred in situations in which space and power were of significant concern, as for example in financial trading rooms. With continued price reductions, AMLCDs are appearing in the office environment. The display requirements for these applications are different from those of notebook computers; a wider viewing angle, higher luminance, and larger-size viewing area are required in these products. An advantage of flat-panel displays is that a large-viewingarea display does not consume much desk space. In addition, flat displays allow the width of the panel to be much larger than the height with no penalty in depth. This is not the case with the CRT, making it more difficult to fabricate CRTs which are wide enough to display the equivalent of two pages of information side by side. Over time the flat-panel display may include more of the system function of the personal computer, allowing new form factors in desktop systems.
Recently, AMLCDs have been developed which significantly exceed the resolution of a typical shadowmask color cathode ray tube. Color CRTs achieve a pixel resolution of approximately 100 ppi [16] . At the 18-in. viewing distance typical for desktop work, the normally corrected human eye can resolve features that are 1/200 of an inch in size. Recently a prototype 200-ppi color AMLCD has been built (Figure 10 ) that approaches the acuity of the eye [17] . This 16.3-in.-diagonal display contains more than five million pixels and more than 15 million subpixels. On this display, text has the appearance of laser printer output; photographic images look like positive prints. Figure 11 shows examples of magnified text images on a typical CRT, a common notebook computer display, and prototype LCDs at 150 ppi [18] and 200 ppi. The characters on the CRT appear smooth but somewhat fuzzy because of the diffuse shape of the electron beam. The pixels on the LCDs are sharp, but the low resolution of the notebook computer display shows jagged, poorly defined characters. At 150 ppi the jaggedness of the characters is much reduced, and this is further improved in the 200-ppi display. At 200 ppi the individual pixels are not resolved by the eyes of a normal person at a normal viewing distance, as shown in Figure 5 , so the characters appear to be very smooth. At 200 ppi the individual letters, such as the "g" in the word "gives," have all the characteristics of a printed letter, with different thicknesses for different parts of the letter.
While 200-ppi displays have a greatly improved appearance, there are still some image defects that remain. Even higher resolution will be required to improve the quality further, and this will be the subject of future technology development. Such high-resolution displays will allow users to view drawings, text, and images with full detail. Initially, high-resolution display technology will be useful in applications in which high-informationcontent media are currently used. These include medical applications, CAD, graphic arts, and publishing. The technology is well suited to displaying scanned information. Whether the image source is a medical X-ray, a digital photograph, or a scan of a rare book, the appearance of the image in the display gives an excellent rendition of the original. Such displays are also useful as true WYSIWYG displays, since the screen image truly resembles the hard-copy output. Ultimately the technology will serve as a method for delivering a digital rendition of books, photographs, and art into the home. This will turn the display into an on-line catalog with photographicquality images of the products.
Initially, very high-resolution liquid crystal displays will be designed for desktop applications. The aperture ratio of the initial displays will be too low for battery-powered operation. Further development will be required to increase the aperture ratio. Higher-resolution portable or hand-held displays have increased readability, which is generally recognized as a requirement for improving current displays, but at present this is very difficult to achieve because of the low power requirements of portable hand-held devices.
Significantly, high-resolution displays can make practical use of existing amorphous silicon technology manufacturing lines to fabricate new types of products. Amorphous silicon technology is very extendable [19] . However, displays having higher resolution and higher content place a much greater demand on the ability of the manufacturing process to consistently yield fine structures. The metal lines that distribute electrical signals over the display must be deposited with low-resistance aluminum or copper. The color filters must be fabricated with tighter tolerances to accurately overlay the subpixels of higherresolution displays. Additional manufacturing experience will be required to produce such devices with high yield. High-resolution displays also place new demands on the graphics system of the computer. The QSXGA (Table 1) prototype display shown in Figure 10 requires data rates of almost 1 GB/s between the frame buffer and the display when the display is refreshed at 60 Hz [17] . Four SXGA display adapters are used to render this display, and the display is split into four virtual displays for rendering purposes [17] . Such parallel approaches significantly reduce the operating frequency required. New approaches to reduce the bandwidth of the graphics system must be explored and developed.
Although application software and operating systems have been developed using CRTs, some aspects must be modified in order to add support for high-resolution displays. Currently the software of the graphical interface takes account of the information content of the display format, as indicated in Table 1 . The software does not independently take account of the resolution of the display or adjust for it. Thus, if the software presents its data to the display in a VGA format, it will occupy only 1/16th of the area of a QSXGA display. The highresolution displays of the future will go well beyond the capability of CRTs in terms of information content and resolution, and the systems and software will have to take this capability into account. This is similar to the situation that arose when laser printers became widely available for personal computers.
Current-generation AMLCD factories have been designed to fabricate several notebook computer screens on a single sheet of glass. These factories are capable of building single displays with up to a 30-in. diagonal. It is likely that the desktop display of the future will have an aspect ratio that is significantly wider than the current 4:3 aspect ratios of CRTs. Instead, an aspect ratio of 16:9, such as that used in HDTV, will become more popular. These displays can show two pages of text on the screen simultaneously, can contain more than 10 million pixels, and will go beyond the QSXGA format that has been prototyped.
Displays have traditionally been oriented vertically in the office environment. Flat-panel displays allow the display to be tilted at any angle, creating the electronic equivalent of the drafting table or artist's sketch pad. These displays will require touch and pen input capability. The goal is to have AMLCDs match the size, resolution, and color fidelity of currently used drafting tables or artists' tablets.
Large-area displays
Enabling groups of people to work together requires building devices with very large displays. The most widely used large-area display is the CRT-based projector. For color, three CRTs are typically used, with one tube producing the red image, another the green, and the third the blue. The images are combined on the screen to produce a full-color image. Alternative technologies which are becoming important in large-area displays include a display developed by Texas Instruments which is based on small mirrors built on top of a silicon chip and moved under electrical control. Several companies have developed liquid-crystal-on-silicon displays, which use liquid crystal effects similar to those used in notebook computers to modulate light [20 -22] . Polysilicon-based liquid crystal displays have been applied to conferenceroom projectors. The Hughes JVC Corporation has developed a liquid crystal display which is addressed using a small CRT [23, 24] . A number of display producers are also working on plasma display technology; flat displays up to 60 in. diagonal have been fabricated [25, 26] . Plasma technology displays are manufactured using screen printing to define the pixel structure. Although this is a limitation for high-resolution applications, it works well for fabricating large-area displays. These displays are used for presentations using a notebook computer and for situations in which groups of people, some of whom may be located at a distance, desire to work together. Large-area displays can then function as an electronic chalkboard on which people may draw their ideas and notes, as a screen for presentations, and as a window into a distant room to see who is speaking. The requirements for this kind of display are different from those of desktop displays. The users will in general be located farther away, so that less than 50 ppi may be sufficient, whereas the size of the display will range from 30 inches to 100 inches in the office environment. The content of these displays would range from 1 to 12 million pixels.
Small hand-held devices
Small portable devices present special requirements for displays [27] , since power and allowable thickness are limited. The earliest hand-held displays, which appeared in wristwatches and calculators, were seven-segment liquid crystal displays-the simplest liquid crystal display devices. Each segment was hard-wired directly to the switchable power source. If there were N segments, N ϩ 1 connections were needed (the additional one is for the common electrode) to drive such a display. To reduce the number of connections as the information content was increased, the simple matrix method was developed. A simple matrix consists of rows and columns of transparent electrodes in which the pixels are formed at the electrode crossings. The one-row-at-a-time driving method is typically used to address the simple matrix display. If a simple matrix display has M rows and N columns, the number of connectors is M ϩ N, and the number of addressable pixels is M ϫ N. For a reasonably large number of M and N, say more than 10, the number of connectors is substantially reduced for the simple matrix display in comparison to the seven-segment display, having a number of segments equal to the number of addressable pixels of the simple matrix display.
Twisted nematic (TN) liquid crystal material was first used for simple matrix display. Because the transmission versus voltage (T-V) curve is not sharp enough, the maximum number of rows is limited to 30 or less [28] . To raise the number of addressable rows, the super-twisted nematic (STN) material, which has a much steeper transition in the T-V curve, was developed. Using STN material, VGA and XGA formats are achievable with a double-scan driving method (two sets of data drivers located on the top and bottom of the panel, with each set driving half of the display).
Today, a simple matrix-twisted nematic reflective display is typically used in hand-held devices such as pagers, personal digital assistants, and some palm-top computers. Such displays utilize a reflective liquid crystal mode to save power. Liquid crystal displays in notebook computers are backlit using cold-cathode fluorescent lamps. For a smaller display, the length of the coldcathode fluorescent lamp is reduced. The efficiency of the cold-cathode fluorescent lamp drops off significantly as the length of the tube is reduced, increasing the amount of power that would be dissipated in the backlight. If the application environment lacks adequate light to use a reflective liquid crystal display, a transflective display is used. This display works as both a reflective and a backlit display. When the external light becomes too dim, a powdered electroluminescent backlight is used to illuminate the display. Performance compromises are made to obtain both backlit and reflective performance.
New materials are being developed which may improve the performance of monochrome reflective displays [29] . Microencapsulated electrophoretic materials offer a highreflectivity transducer that has a long lifetime. Obtaining a bright, high-contrast reflective display is important; newspaper has a reflectance of 60%, and most small reflective displays have only half this reflectivity, which reduces the legibility of the device.
Reflective color displays have been extensively studied [30] . As with reflective monochrome displays, reflective color displays have low reflectance, rendering operation more difficult in dim lighting situations.
Head-mounted and virtual displays
In hand-held applications in which higher information content is desired, displays that are viewed through magnifying optics offer an attractive solution. Displays with up to 1.2 million pixels of content (SXGA) have been demonstrated [31] . These displays are low-cost because of the small area of semiconductor used to create the display. They are low-power, since all of the light that leaves the display enters the user's eye. Such displays may be used in a number of different form factors-for example, small devices such as pagers or cell phones which are held to the user's eye for viewing faxes or maps. Alternatively, a head-mounted display is a well-known example of a display separate from the rest of the system (Figures 12 and 13) . Systems which display images to both eyes are used in virtual-reality applications, and systems which provide an image to only one eye are used to provide information for applications such as inventory control, maintenance, and the construction industry.
Several types of display are used to build head-mounted and virtual displays [32, 33] . The most common is the monochrome CRT used in many camcorder viewfinders. Polysilicon liquid crystal displays that employ color filters to construct a small color viewfinder have also been used. The Kopin Corporation has pioneered a technology which builds a conventional integrated circuit on a decal that can be applied to a glass surface. This allows the fabrication of a display with more of the control circuitry built into a very small area. Several groups have built reflective liquid crystal cells on top of silicon wafers. This also has the advantage of a high degree of integration without the need to fabricate a decal. The drawback of the technique for head-mounted and virtual applications is the more restrictive illumination requirements of the reflective cell. Organic light-emitting diodes (OLEDs) can also be built on top of silicon wafers. The FED Corporation has prototyped a VGA display that is nearly ideal. Because the OLED material produces light directly, no additional light source is needed, just a lens to image the display; this allows for a very compact head-mounted display. The optical design of a head-mounted display is shown in Figure 12 . Table 2 shows the diagonal field of view measured in degrees for typical notebook computer displays at 18-in. and 24-in. viewing distances.
In these calculations, the diameter of a typical exit pupil used to design head-mounted displays is 6 to 8 mm. For eye relief, or the distance from the user's eye to the lens that images the display, typical values are 25 to 35 mm. The object is the display itself. The diagonal field of view ranges from 24 to 40 degrees, with a pixel angular resolution of 24 to 40 pixels per degree, well below the visual acuity limit of the eye, which is one minute of arc.
A prototype head-mounted display has been made which houses the lens and display within a half-inch cube; with 25 mm of eye relief and an exit pupil of 4 -6 mm, the device has a resolution of 21 pixels per degree. The device is comfortably small (Figure 13 ). The device content could be tripled before reaching the acuity limit of the eye, allowing it to reach XGA content.
Stereoscopic displays
Over the last ten years, virtual reality has become an area of intense research. The goal of such systems is to present to the viewer an interactive three-dimensional space that is generated within the computer. The viewer can move within the space and interact with objects or other users in the space. The systems are typically immersive; that is, the viewer's entire visual field of view is covered by the display system. When the objects within the space are close to the viewer, typically within an arm's length, the human visual system detects the binocular disparity of the scene (the difference between the right-eye and left-eye views of the scene). The human visual system merges these two images into a three-dimensional view of the scene. Applications in the design and synthesis of new chemical compounds; interaction with a designed system not yet built, such as an aircraft, to determine how easily the machine may be operated and serviced; linking of a human being to a remote system while providing a sense of "telepresence"; all have been exploited in industrial settings. In the home, head-mounted three-dimensional displays will first be applied to computer-based games.
Head-mounted displays are typically associated with virtual reality systems. Although the earliest stereoscopic head-mounted displays utilized CRTs, these have been superseded by polysilicon liquid crystal displays and other systems which make possible a lighter head-mounted device. Each eye looks into a separate display, and each of the displays is connected to a separate rendering engine to produce two views of the scene. As with head-mounted displays that provide two-dimensional imagery, the weight of the display is crucial for ease of use.
In 1992 the University of Illinois Electronic Visualization Laboratory demonstrated the CAVE, a 10 ϫ 10 ϫ 9 cubic foot space in which three of the walls are screens with rear-projected imagery, with an additional projector that places imagery on the floor of the space. All of the imagery is stereoscopic and time-multiplexed; viewers wear glasses which contain shutters that open when the imagery for that eye is being displayed. One of the users has a head tracker, and the imagery is generated from that user's viewpoint. Several users can be immersed in the virtual environment. This is advantageous for situations requiring collaboration in a virtual environment. Newer designs have reduced the form factor of this sort of environment and have developed systems in which two viewers can each see their viewpoints correctly displayed. Although these systems can generate the sensation of three dimensions within the human visual system, they do so without using all of the cues that humans use in actual environments. In particular, the three-dimensional imagery in these systems does not allow the user to shift the focal point of the eye when looking at a part of the threedimensional object that is nearby.
Holographic displays
Holography is an image-generation technique which can correctly display all of the visual depth cues employed by the human visual system. Electronic holography uses an electronic transducer to create a holographic fringe pattern which generates the desired image. As with stereoscopic displays, holographic displays are most useful for situations in which three-dimensional objects are within arm's reach of the viewer. Holographic displays also provide a path to a collaborative environment in which each viewer will have the scene correctly displayed without wearing any additional hardware. In the past ten years, prototype interactive electronic holographic display systems have been fabricated by the MIT Media Laboratory [34] .
The principal requirements of an interactive electronic holography system are the ability to calculate and display the correct holographic fringe pattern in real time. Calculating the fringe pattern for a holographic display is hundreds of times more difficult than rendering a twodimensional display image. It is estimated that off-theshelf hardware capable of rendering holograms in real time is still years away.
The computing requirement for a cubic centimeter of holographic video is roughly one billion operations per second. Rendering a holographic apple requires roughly a cubic liter, or 1000 times more computing capacity. The desired transducer for holographic video is a phasemodulating device with 256 output levels and a quartermicron pitch. Current liquid-crystal-on-silicon spatial light modulators have a pitch around 10 m, or 40 times larger than is required.
Conclusions
Tremendous progress has been made over the last forty years in electronic information display. Technological developments now underway will lead to informationdisplay capabilities that will exceed Vannevar Bush's 1945 vision of the Memex; the ability to see the full content of hard-copy documents and video, the ability to see multiple documents simultaneously, and the ability to create and modify documents instantly will allow people to learn and work more easily.
Electronic displays are playing a vital role today in opening up new types of information devices and enhancing the functions of traditional devices. CRT displays for desktop computers are becoming smaller and brighter, with increased resolution and content. Active-matrix liquid crystal displays are bringing the legibility typically associated with hard copy to desktop and portable applications, resulting in new products and dramatically enhancing some existing applications. Projection display technology is allowing information technology to connect collaborating groups. Further out in time, head-mounted displays will bring information technology to many manufacturing and service applications. Eventually technological improvements will permit the economical construction of holographic displays.
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